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A 20 barrel solid hydrogen pellet injector, which is able to inject 20 cylindrical pellets with a diameter
and length of between 3.0 and 3.8 mm at the velocity of 1200 m/s, has been developed for the purpose
of direct core fueling in LHD (Large Helical Device). The in situ pipe gun concept with the use of
compact cryo-coolers enables stable operation as a fundamental facility in plasma experiments. The
combination of the two types of pellet injection timing control modes, i.e., pre-programing mode and
real-time control mode, allows the build-up and sustainment of high density plasma around the density
limit. The pellet injector has demonstrated stable operation characteristics during the past three years
of LHD experiments. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816823]
I. INTRODUCTION
Core fueling becomes increasingly important in a fu-
ture fusion reactor in which a magnetically confined burn-
ing plasma is sustained by its own α particle heating. Pellet
fueling that injects cryogenic hydrogen pellets into the core
plasma directly at high speeds is one of the few means of
supplying fueling particles into the high-temperature burn-
ing plasma. Pellet injection has been being investigated for
the past 40 years, and many studies have indicated that pel-
let injection contributes not only to efficient fueling but also
to improvements in plasma confinement properties.1–3 On the
other hand, because it is not necessary to consider the burnout
of fuel in the present plasma experiments, fueling is still not
considered as an important issue. And therefore, it remains as
a big issue to be resolved despite its importance.
In order to confirm the adequacy of the pellet fueling to
the high temperature plasma, pellet fueling experiments are
intensively investigated in the LHD (Large Helical Device)
which is world’s largest helical system with superconducting
magnets.4 Since external coils generate the entire confinement
field, plasma current is not required to sustain the plasma and
therefore there is an excellent adaptability to high density op-
eration in helical systems. One of the significant results of
high density operation in the LHD is the formation of an IDB
(Internal diffusion Barrier).5 The IDB is formed in intensive
multi-pellet-fueled high density discharges, and characterized
by steep density gradients and very high pressure in the core
region up to 150 kPa.6 In the previous experiments, the IDB
plasma is transiently formed by using the existing 10 barrel
pellet injector,7 however, it cannot sustain the high density
plasma with the IDB due to the lack of pellets to supply the
particles. In order to investigate the long-duration sustainabil-
ity of the pellet fueled high performance plasma with the IDB,
additional pellet injection capability is required. Already we
had developed a repetitive pellet injector with a screw type
solid hydrogen extruder which can inject pellets continuously
a)Electronic mail: sakamoto@LHD.nifs.ac.jp
at a frequency of up to 11 Hz.8 However, its core fueling ca-
pabilities are far from adequate to build up the highly peaked
IDB plasmas due to deficiencies in maximum pellet velocity
and minimum pellet injection interval. From the view point
of the core fueling capabilities, a simple in situ pipe gun type
solid hydrogen pellet injector is preferable although the pos-
sible number of pellet injections is exactly restricted by the
installed number of pellet injection barrels. Above-mentioned
facts motivated us to develop a 20 barrel in situ pipe gun type
solid hydrogen pellet injector. The pellet injector design has
the largest number of barrels ever along with the 20 barrel
pellet injector in the Alcator C-Mod.9
In this paper, we would like to introduce the newly de-
veloped 20 barrel in situ pipe gun type solid hydrogen pellet
injector in the LHD. The requirements and design overview
of the pellet injector are indicated in Sec. II. A performance
of each component of the pellet injector is described in
Sec. III. The first application results of the pellet injector on
the LHD are shown in Sec. IV.
II. REQUIREMENTS AND DESIGN OVERVIEW
In the LHD, plasma experiments are carrying out every
3 min for 9 h per day, and entry to the LHD experimental
hall is not allowed throughout the day. The following require-
ments, therefore, must be met by the pellet injector, (1) re-
liability and stability as a fundamental facility that is ready
for use at any time during the plasma experiments, and (2)
fully remote control capability without any access for several
months-long experiment. And there are additional require-
ments from the viewpoint of the experiments; (3) sufficient
amount of particle supply for high density discharges with
10 s pulse width; and (4) flexibility to cope with experimen-
tal requirements that change according to the situation, e.g.,
changing pellet size and velocity.
In order to secure the reliability and stability, a conven-
tional in situ pneumatic pipe gun concept10 was adopted for a
basic design in the same manner as the previous pellet injec-
tor in LHD.11 The in situ pneumatic pipe gun has no movable
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components in the cryogenic part and the pellet size is fixed
by the inner radius of an injection barrel. These features al-
low reliable operation, however, only one pellet injection is
available from each barrel. Therefore, it is required to arrange
enough barrels in order to inject multiple pellets in a plasma
discharge. This is a definite disadvantage of the in situ pneu-
matic pipe gun, but at the same time, it leads to flexibility to
change the pellet injection conditions, especially pellet size,
with respect to each barrel because the pellets are injected
using individual barrels. It is assumed that 20 barrels are re-
quired to sustain a high density discharge for 10 s pulse width
in LHD. First 3–10 pellets are intensively injected to form a
high density plasma,6 and the other remaining pellets are used
to sustain the high density plasma.
The pellet size and velocity are determined semi-
empirically by the previous experimental result and by a
model calculation using the NGS (neutral gas shielding)
model12 which is widely accepted pellet ablation model. The
pellet sizes are decided as 3.8 mm (four pellets), 3.4 mm (six
pellets), and 3.0 mm (ten pellets) in diameter and length with
cylindrical shape. The particle numbers in each size of pellet
are approximately 2.0 × 1021, 1.5 × 1021, and 1.0 × 1021, re-
spectively. Although pellet velocity is an important factor to
decide the fueling property, the range of the available velocity
is generally restricted from 800 m/s to 1200 m/s in the case
of a single stage pneumatic pipe gun type pellet injector. The
maximum velocity is restricted by the sound velocity of the
propellant gas and the minimum one is restricted by the min-
imum pressure to break away a sticking pellet from the bar-
rel. This pellet injector is designed to achieve higher velocity
within reasonable limits. A contour plot of the pellet penetra-
tion depth dependence on the electron temperature, Te, and
pellet velocity, Vp, which is predicted by the NGS model un-
der a typical LHD plasma condition, is shown in Fig. 1. The
pellet penetration depth strongly depends on Te. The effect
of the size and velocity variations are relatively weak and the
penetration depth is almost the same level within the available
pellet size and velocity ranges between 3.0 and 3.8 mm and
between 800 and 1200 m/s, respectively. The estimated pel-
let penetration depth reaches around the magnetic axis in the
typical temperature range of high density discharges between
1.0 and 2.0 keV.
Although the pellet injection timing control becomes im-
portant especially in high density discharges around the den-
sity limit, it is very difficult to decide the adequate pellet in-
jection timing, which is necessary to sustain the high density
plasma avoiding a radiation collapse, before the discharge. In
order to solve this problem, it is required to control the pellet
injection timing in real time referring to a density related mea-
surement, e.g., interferometer or bremsstrahlung, in addition
to a pre-programed injection timing control.
A fully remote control capability is secured by employing
GM (Gifford-McMahon) cycle compact cryo-coolers as with
the previous pellet injectors which are developed for the LHD
experiments.8, 11 Since the pellet injector can be operated by
using only electric power, which is the most fundamental fa-
cility in a laboratory, without a liquid helium supply system;
it is possible to operate the pellet injector remotely without
accessing it for a long time.
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FIG. 1. Contour plots of the normalized pellet penetration depth: λ/a for each
pellet size, cylindrical shape with (a) 3.0 mm, (b) 3.4 mm, and (c) 3.8 mm
in diameter and length, predicted by NGS pellet ablation model. Flat density
profile: ne = 5 × 1019(1 − ( ρ1.11 )14)2 m−3 and parabolic temperature profile:
Te = Te(0)(1 − ρ1.11 )2 keV, where Te(0) = 0–4 keV, are assumed. λ/a = 1
represents that the pellet penetrates to the plasma center: ρ = 0.
The cabling distance between the LHD main control
room and the LHD experimental hall is about 400 m. In order
to minimize the cabling, the remote control of the pellet injec-
tor has been built on an Ethernet connection with the fiber op-
tics between the control computers in the LHD main control
room and the PLC (Programmable Logic Controllers) located
near the pellet injector in the LHD experimental hall.
In order to secure the flexibility to adapt to changes ac-
companying the progress of the experiments, the injection
barrels are designed such that the size can be changed eas-
ily. The control software is built with a general-purpose lan-
guage, and it can be changed on demand with the progress of
the experiment.
III. COMPONENTS OF THE SYSTEM
Fig. 2 shows an external drawing of the pellet injector.
The screw-extruder type repetitive pellet injector8 is installed
behind the 20 barrel in situ pneumatic pipe gun type pellet in-
jector to share the differential pumping system. However, the
repetitive pellet injector is beyond the scope of this paper. The
in situ pneumatic pipe gun pellet injector is divided roughly
into the following two parts with different functions. One is a
pellet formation/acceleration part which consists of a cryostat
and valve set. This part is the main part of the pellet injector.
Another is a differential pumping system with three pump-
ing stages, which is connected in series with narrow guide
tubes. The function of the differential pumping system is to
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FIG. 2. Schematic view of the 20 barrel in situ pipe gun type solid hydrogen pellet injector and the LHD plasma. The pellet injector is installed at the vicinity
of horizontally elongated poloidal cross section on the outboard side mid-plane.
evacuate propellant gas, which is used for accelerating pellets,
to minimize the inflow of gas into the LHD vacuum vessel.
A. Formation and acceleration of a solid
hydrogen pellet
The pellet injector has 20 barrels in total, four 3.8 mm
barrels, six 3.4 mm barrels, and ten 3.0 mm barrels. The bar-
rels are made of bright annealing 316 austenite stainless steel
pipes. A thin-walled pipe (0.3 mm) is employed to prevent
heat transfer along the barrel into the cryogenic part. A cop-
per block is brazed in vacuum by palladium filler as shown in
Fig. 3(a). The brazing width is the same as the inner diameter
of the barrel to form the cylindrical solid hydrogen, which has
equal lengths for the diameter and height.
By mechanically (using an M16 thread) connecting the
copper block to the cryogenic heat sink, which is cooled by
the second stage of the GM cycle cryo-cooler (SHI RDK-
415D; 1.5 W@4 K), the pellet formation part in the barrel is
cooled down. Solid hydrogen can be formed below the triple
point temperature (13.8 K), and it has been indicated that a
lower temperature is preferable from the view point of the
strength of solid hydrogen which has an effect on the quality
and velocity of the pellet.13 The pellet injector, therefore, is
operated at the attainable minimum temperature without any
temperature control. The effective operational temperature is
at ∼5 K in the stand-by phase and at ∼7 K during the continu-
ous full operation phase. Five barrels are connected to a cryo-
cooler through the cryogenic heat sink. A full depth slit with
3 mm width and 50 mm length is made between the barrels to
prevent a prompt heat transfer between the barrels adjacent to
each other at the timing of the pellet injection. The four sets
of cryogenic heat sinks constitute the 20 barrels as shown in
Fig. 3(b). These four sets of cryogenic heat sinks are sur-
rounded by a thermal shield, which is made of thin copper
plate with nickel plating, to prevent radiative heat transfer
from the inner wall of the cryostat, and the thermal shield is
connected to the first stages (40 W@40 K per a cryo-cooler)
of the four cryo-coolers as shown in Fig. 3(c).
Negative temperature coefficient thin film resistance
cryogenic temperature sensors (Lakeshore CERNOX) are
installed at the far-end from the cold head in each cryogenic
heat sink and thermal shield. Only hydrogen (protium) is
used as a fuel gas in LHD experiments. Since the triple-point
temperature of hydrogen gas is relatively low as compared
to deuterium, active temperature control using a heater
is not necessary and the pellet injector is operated at the
minimum temperature, which is automatically decided by a
heat balance, as previously mentioned. In case, however, a
deuterium pellet is required in the future, it may be necessary
to control the pellet formation temperature owing to the rise
of the triple-point temperature. Fig. 4 shows the cooling
characteristics of the cryogenic heat sinks which have a
weight of about 24 kg in total. The cooling down time from
room temperature to the operational temperature (5 K) is
about 6.5 h. The temperature rise 12 h after stopping the
cryo-coolers is about 110 K, and the re-cooling down time
from the temperature to the operational temperature is about
1 h. Therefore, the effective preparation time before pellet
injection is 1 h during the experimental campaign.
The valve set to control pellet formation and acceleration
is shown in Fig. 3(c). There are five valves per barrel, V1, V2,
and V3 are pneumatic stopping valves, Vn is a micro-flow-
regulating valve and Vf is a fast pulse valve. Hydrogen gas
flows into the barrel by opening V1 and V2. The flow rate of
hydrogen gas is tuned to approximately 0.1 Pa m3/s before-
hand by Vr. Hydrogen gas condenses on the cooling zone of
the barrel inner wall, and a cylindrical solid hydrogen pel-
let is formed within 60 s. Although the diameter of the pellet
is fixed to the inner diameter of the barrel, the length of the
pellet can be controlled up to a 1.7-fold by reducing the tem-
perature gradient along the barrel.14 The minimum pellet size,
namely, where the pellet length is the same as the pellet diam-
eter, is chosen here by making a large temperature gradient.
After forming a pellet, residual hydrogen gas inside the barrel
is exhausted by closing V2 and opening V3. Then all valves
are closed awaiting the injection trigger. Getting the injection
trigger, Vf is opened for a short time (<1.2 ms), and then high
pressure propellant gas flows into the barrel and the pellet is
accelerated by the expanding propellant gas. Each and every
barrel is controlled independently as is the case with the above
control procedure.
The pellet velocity and mass have an effect on the fuel-
ing properties (e.g., penetration depth and density increment,
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FIG. 3. Schematic view of the pellet formation part in the cryogenic cham-
ber. (a) The enlarged illustration of the pellet formation part in the barrel.
The barrel which is made of bright annealing 316 austenite stainless steel
pipe is brazed with the oxygen-free copper block. (b) Arrangement of four
sets of heat sinks viewed from the rear face. Five barrels are mechanically
connected by M16 threads to a heat sink which is cooled by the exclusive
compact cryo-cooler. (c) Side view of the cryogenic chamber and valve set.
respectively), however the pellet mass cannot be decided
freely because it has a direct affect on the density increment.
The pellet velocity, therefore, is the only free parameter to
control pellet fueling properties. The pneumatically acceler-
ated pellet velocity is described by Eq. (1) supposing the ideal
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FIG. 4. Typical cooling down characteristics of the cryogenic heat sinks. The
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colored band is also plotted.
propagation of a one-dimensional rarefaction wave15
U (t) = 2C0
γ − 1
[
1 −
(
1 + (γ + 1)P0
2 d ρsC0
t
)− γ−1
γ+1
]
, (1)
where U(t), d, P0, γ , ρs, C0, and t denote the pellet veloc-
ity, diameter of cylindrical pellet, initial pressure of propel-
lant gas, specific heat ratio of propellant gas, solid hydrogen
density, sound velocity of propellant gas (=√γ kT /m ) and
acceleration time in the barrel, respectively. Although hydro-
gen gas is preferable to obtain higher velocity, helium gas is
employed as a propellant gas for safety reasons here. The ini-
tial pressure of the propellant gas, P0, and the barrel length,
L0, which is obtained by integrating U(t) over the accelera-
tion time, are arbitrary design parameters. Fig. 5(a) shows
the barrel length dependence of the predicted pellet veloc-
ity. Although the pellet velocity increases as the barrel length
gets longer, the increase in rate becomes less significant, and
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FIG. 5. Predicted pellet velocity by the ideal gun theory. Lines and colored
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the pellet velocity, respectively. (a) Barrel length dependence for 5 MPa He
propellant gas. (b) Propellant gas pressure dependence at the barrel length of
Lbarrel = 0.97 m. Hydrogen and helium are considered as propellant gases.
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therefore it is necessary to find an acceptable compromise.
The barrel length is taken as 0.97 m considering the maxi-
mum length that is acceptable by the device geometry. Initial
propellant gas pressure dependence of the pellet velocity is
shown in Fig. 5(b). The theoretical predicted values and ex-
perimental values are denoted by a solid line and cross sym-
bols, respectively. The experimental velocity is about a 15%
reduction from the theoretical prediction. This tendency is the
same level as that of other pellet injectors.3
The launched pellet is transferred to the LHD vacuum
vessel through a guide tube, which penetrates expansion
chambers of the differential pumping system. The guide tube
has a 20 mm gap at center of each expansion chamber to re-
lease the spent propellant gas (see Sec. III B). At the gap, the
inner diameter of the downstream guide tube is larger than
that of the upstream one taking into account a divergence an-
gle of 2◦ during the 20 mm free flight. The guide tube curves
gently (<3◦) between the first and second expansion cham-
bers to aim the pellet trajectory at the outer half radius of the
plasma cross section.
B. Differential pumping system
Removal of spent propellant gas is indispensable to ap-
ply the pneumatic type pellet injector to plasma experiments.
For this purpose, a three-stage differential pumping system
is provided. To secure effective pumping performance of the
three-stage differential pumping system, large capacity back-
ing vacuum pumps are installed. There are three systems of
the backing vacuum pumps, two systems are exclusively for
the pellet injector (roots pump station with pumping capacity
of 1800 m3/h and 900 m3/h, respectively) and another is the
common system of the LHD experiment.
In the three-stage differential pumping system, the vol-
umes of the expansion chambers are 0.23 m3, 0.23 m3, and
0.07 m3, respectively. In each expansion chamber, an ade-
quate type of vacuum pump is installed according to its own
vacuum conditions. Types and effective pumping speed for
helium gas of each vacuum pump are a helical groove pump
(0.27 m3/s), which has a wide operating range from ultrahigh
vacuum to the viscous flow region at pressures above 102 Pa,
and two turbo drag pumps (1.4 m3/s and 0.3 m3/s), respec-
tively. Fig. 6(a) shows a conceptual diagram of the three-stage
differential pumping system. The performance of the three-
stage differential pumping system can be modeled by the fol-
lowing equations:⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩
V1
dP1
dt
= Iaccδ(t) + c12(P2 − P1) − S1P1 + L1,
V2
dP2
dt
= c12(P1 − P2) + c23(P3 − P2) − S2P2 + L2,
V3
dP3
dt
= c23(P2 − P3) − S3P3 + L3,
(2)
where Iacc, Pi, Vi, Si, Ci(i+1), and Li denote the propellant gas
inflow rate, pressure of the stage i, volume of the stage i,
pumping speed of the stage i, conductance between the stages
i and i+1, and leak and/or degassing rate of the stage i, respec-
tively. The conductance can be estimated by c = 330(d3/)
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FIG. 6. Exhaust performance of the differential pumping system. (a) Con-
ceptual diagram of the three-stage differential pumping system and the rep-
resentative parameter of the system. (b) Comparison between the calculation
results and measurements. Chain line, broken line, and solid line denote the
calculated pressure change at the first, second, and final expansion cham-
bers, respectively. Filled triangle, open square, and filled circle denote the
measured pressure change at the first, second, and final expansion chambers,
respectively.
in m3/s assuming a molecular flow of helium gas at room
temperature, where d and  are inner diameter and length of
a tube in m. Differential pumping properties at launching a
pellet are shown in Fig. 6(b). Calculated pressure changes in
the expansion chambers are denoted by lines, and experimen-
tally measured pressure changes are denoted by symbols. The
model calculation result can reproduce the measured pressure
in general. However, it must be noted that there are discrepan-
cies just after launching the pellet. In the model calculation,
there are time delays in increasing pressure in the second and
third expansion chambers and the delay in the third expan-
sion chamber (0.63 s) is longer than that in the second expan-
sion chamber (0.33 s) due to the finite pressure propagation
through the narrow guide tube. In contrast, the pressure rises
are observed at the same time in all expansion chambers in
the measured pressure. This phenomena can be explained by
considering the direct gas admission from the upstream guide
tube to the downstream one before the propellant gas expands
isotropically into the expansion chamber at the gap, since the
propellant gas has a large velocity component in the direc-
tion along the guide tube. In order to eliminate this non-ideal
phenomena, extending the gap length should be one of the
possible solutions although the adverse effects with the ex-
tension of free flight distance must be considered. Another
point to note is that the observed rate of a pressure decrease
in the first expansion chamber is relatively slow as compared
with the calculated one especially in the high pressure region
beyond 10 Pa. This phenomena shows pumping performance
deterioration due to higher pressure, since the pumping speed
of the helical groove pump shows deterioration at high pres-
sure above 1 Pa although it is available for higher pressure
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up to 1000 Pa at which a normal turbo drag pump cannot be
used. At the same time, maximum pressure in the third ex-
pansion chamber is approximately 10−3 Pa and this pressure
is the same level as that in the LHD vacuum vessel during
the high density discharge. Therefore, the propellant gas does
not flow into the LHD vacuum vessel effectively. It has been
demonstrated that the performance of the three-stage differ-
ential pumping system is sufficient to use in the LHD experi-
ment practically.
C. Injector control system
The pellet injection control system consists of (1) man-
machine interface section, (2) operation and monitoring sec-
tion, and (3) injection control section, as shown in Fig. 7.
These control sections communicate with each other using
STARS (Simple Transmission and Retrieval System),16, 17
which is a message transferring middleware for small scale
control systems with TCP/IP sockets. The operation of the
pellet injector is fully automated by the control system and
it is possible to inject 20 pellets per plasma discharge, which
is repeated with a 3 min period, following the master trigger
from the LHD central control system.
(1) The man-machine interface section is a GUI (Graphi-
cal User Interface) program, which is developed in the
Visual BASIC .NET, on the personal computer in the
LHD central control room. The GUI programs consist
of an injection condition setting program and an oper-
ational supervision program to collect and display the
device status data. All the operation related to the pellet
injection is conducted using GUI programs.
(2) The operation and monitoring section consists of a PLC
and data I/O components which communicate with the
PLC using the DeviceNet.18 There are approximately
100 channels of digital I/O to operate cryo-coolers, vac-
uum pumps and valves, and approximately 40 channels
of analog I/O to measure temperatures and pressures.
All procedures of the pellet injector operation and safety
interlock are programed in the PLC, and it can func-
tion automatically following instruction from the above-
mentioned GUI programs.
(3) Since the injection control section requires a high-speed
response to perform real-time injection control, a micro-
computer board, which is equipped with a FPGA (Field
Programmable Gate Array), is employed. On the micro-
computer board, a small scale UNIX system is running
and C language programing is available. A real-time pel-
let injection timing control program consists of a digital
logic program using VHDL (Very High speed integrated
circuits Hardware Description Language) and a commu-
nicating interface program using C language.
There are two modes of pellet injection timing control.
One is a pre-programed mode in which all pellets are in-
jected following previously defined times set by the injec-
tion condition setting program. Another is a real-time con-
trol mode in which pellet injection timings are defined in real
time referring to a density related signal, e.g., interferometer
or bremsstrahlung. The pre-set parameters are (i) the injec-
tion timing of arbitrary number of pellets (more than one) and
(ii) the target density level, which is scaled to a voltage (1–
10 V), as a function of time. Even in the real-time control
mode, the first set of pellets is injected following a pre-set
timing to build up a high density plasma. And then, real-time
control of the pellet injection timing is activated to make the
plasma density follow the previously defined target density as
a function of time. A criterion for injecting pellets in the real-
time control is the logical product of the following conditions:
that the density related measurement value, which is scaled to
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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FIG. 8. Waveform of the pellet fueled discharge with real-time injection tim-
ing control to maintain ne = 2 × 1020 m−2 referring to a line density signal.
a voltage (1–10 V), is lower than the previously defined tar-
get value and the elapsed time from the last pellet injection is
longer than 20 ms.
IV. FIRST APPLICATION AT LHD
The first application of the 20 barrel in situ pipe gun type
solid hydrogen pellet injector has been carried out on LHD.
Fig. 8 shows the waveform of the discharge (#104258). The
first three pellets are injected following a pre-set timing and
then pellet injection timing is controlled to keep the mini-
mum line density at ne = 2 × 1020 m−2 in real time. The
lower envelope of the line density is successfully kept con-
stant as planned. However, it is interesting to note that the
central density, ne(0), is gradually decreasing at the same time
and the peripheral density, ne(1), is gradually increasing. The
pellet injection interval to maintain the constant density at
2 × 1020 m−2 becomes longer with time. These observations
show that the sustainment of high density plasma with the
massive pellet fueling leads to an unexpected increase of the
peripheral density due to an increase of the recycling particles.
In order to sustain high density plasma for a longer time, not
only the effective core fueling by pellet injection but also ac-
tive pumping capability at the divertor is essentially required,
though this problem is beyond the scope of this paper.
V. SUMMARY
A 20 barrel solid hydrogen pellet injector, which is able
to inject 20 cylindrical pellets with diameter and length of be-
tween 3.0 and 3.8 mm at the velocity of 1200 m/s, has been
developed for the purpose of expanding the plasma opera-
tional regime to higher density and demonstrating the long
duration sustainability of the high density plasma on LHD.
In order to ensure stable operation as a fundamental facility
in plasma experiments, which are performed every 3 min for
9 h each day, a simple in situ pneumatic pipe-gun concept is
employed and 20 barrels are arranged in parallel. Although a
foremost concern of pneumatic pellet acceleration is the use
of massive propellant gas, it is demonstrated that the propel-
lant gas can be exhausted adequately using a three-stage dif-
ferential pumping system with large capacity vacuum pumps.
Real-time pellet injection timing control referring the density
related measurements is developed by using a microcomputer
board which is equipped with a FPGA, and it allows sustain-
ment of high density plasma around the density limit avoiding
a radiation collapse. The pellet injector has demonstrated sta-
ble operation characteristics in the plasma discharges beyond
2000 shots during the past three years of LHD experiments.
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